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RNA virusOver the last two decades, Taura syndrome virus (TSV) has emerged as a major pathogen in penaeid
shrimp aquaculture and has caused substantial economic loss. The disease was ﬁrst discovered in Ecuador
in 1991, and the virus is now globally distributed with the greatest concentration of infections in the
Americas and Southeast Asia. To determine the evolutionary history of this virus, we constructed a
phylogeny containing 83 TSV isolates from 16 countries sampled over a 16-year period. This phylogeny was
inferred using a relaxed molecular clock in a Bayesian Markov chain Monte Carlo framework. We found
phylogenetic evidence that the TSV epidemic did indeed originate in the Americas sometime around 1991
(1988–1993). We estimated the TSV nucleotide substitution rate at 2.37×10−3 (1.98×10−3 to 2.82×10−3)
substitutions/site/year within capsid gene 2. In addition, the phylogeny was able to independently
corroborate many of the suspected routes of TSV transmission around the world. Finally, we asked whether
TSV emergence in new geographic locations operates under a quick fuse (i.e. rapid appearance of
widespread disease). Using a relaxed molecular clock, we determined that TSV is almost always discovered
within a year of entering a new region. This suggests that current monitoring programs are effective at
detecting novel TSV outbreaks.© 2009 Elsevier Inc. All rights reserved.Introduction
Taura syndrome virus (TSV) is a major pathogen of the Paciﬁc
white shrimp Penaeus vannamei, one of the most important
aquaculture shrimp species. TSV outbreaks in aquaculture facilities
can decimate shrimp populations with a mortality rate ranging from
40 to 100%. Taura syndrome was ﬁrst recognized in Ecuador in 1991
and reported in 1992 (Jimenez, 1992). The disease was then seen in
Colombia in 1993, Honduras in 1994, and Mexico in 1995. By the end
of the decade it had spread to Southeast Asia. As of 2009, TSV has been
isolated on ﬁve continents (Cheng et al., 2003; Côté et al., 2008; Do et
al., 2006; Hasson et al., 1999; Nielsen et al., 2005; Tang and Lightner,
2005; Tu et al., 1999).
TSV is a small, non-enveloped, icosahedral virus containing a
single-stranded positive-sense RNA genome (Bonami et al., 1997;
Mari et al., 2002) and is a member of the family Dicistroviridae
(Mayo, 2005). Its genome contains two open reading frames. The
ﬁrst open reading frame encodes non-structural proteins including
helicase, protease, and an RNA-dependent RNA polymerase, and the
second encodes three capsid proteins: CP1 (40 kDa), CP2 (55 kDa),
and CP3 (24 kDa) (Mari et al., 2002). CP2 has previously been used
to differentiate among TSV isolates because it possesses greaterertheim).
ll rights reserved.genetic variation than other TSV capsid genes (Tang and Lightner,
2005).
Although phylogenetic trees have been constructed for small
groups of TSV isolates (Côté et al., 2008; Mari et al., 2002; Robles-
Sikisaka et al., 2001, 2002; Tang and Lightner, 2005), a phyloge-
netic perspective on the origin and global diversity of TSV is still
lacking. Furthermore, epidemiological evidence suggests that TSV
has recently expanded out of the Americas to the rest of the world
causing signiﬁcant disease-associated loss as it has spread. This
model assumes a quick fuse, in which TSV would be detected
shortly after entering a new geographic area due to the almost
immediate appearance of widespread disease in shrimp. The
alternate scenario is one in which TSV would be present for
years, slowly building up numbers of infected shrimp and other
wild invertebrates in a given geographic area, before widespread
disease is observed. A quick fuse would resemble outbreaks in
humans like Ebola virus and SARS (Biek et al., 2006; Hon et al.,
2008), whereas a slow fuse epidemic would be reminiscent of HIV
in sub-Saharan Africa and the Americas (Gilbert et al., 2007;
Worobey et al., 2008).
Here we infer a phylogenetic tree for 83 CP2 nucleotide sequences
obtained from TSV isolates collected over a 16-year period. We
identify several main lineages of TSV. Interestingly, the phylogeny
conﬁrms many avenues of transmission of TSV around the world,
which were previously hypothesized based on epidemiological data.
Finally, this phylogenetic analysis employed a relaxedmolecular clock,
325J.O. Wertheim et al. / Virology 390 (2009) 324–329which allowed us to perform an independent phylogenetic test of
quick-versus-slow fuse hypotheses in TSV.
Results
The global emergence of TSV
To determine the evolutionary relationships among the TSV
isolates, we inferred a phylogeny assuming a relaxed molecular
clock in a Bayesian Markov chain Monte Carlo (BMCMC) framework.
This analysis found support for four major TSV lineages (Mexico,
Southeast Asia, Belize/Nicaragua, and Venezuela/Aruba) as well as
the position of the root of the tree (Fig. 1). The root was located among
sequences from the Americas, including Ecuador, Columbia, Honduras,
Mexico, and the USA; this placement suggests that all 83 of the TSV
isolates analyzed here have their origins in the Americas. The most
basal lineage on the tree led to a cluster of strains isolated in Columbia,
Ecuador, and the USA. This ﬁnding corresponds with the ﬁrst
recognition and description of Taura syndrome in Ecuador in 1991
(Hasson et al., 1995; Jimenez, 1992; Lightner et al., 1995).
The ﬁrst major lineage identiﬁed consisted of isolates collected in
Mexico. Thirteen of the fourteen Mexican isolates used in this study
formed a highly supported group (posterior probability=0.97).
Therefore, the majority of Mexican TSV outbreaks were likely the
result of a single introduction into the country. The remainingMexican
isolate (MX/95c) may be a separate introduction into Mexico, but
there replace little support for branching order in this part of the
phylogeny. The existence of TSV isolates from Texas (US/96), Hawaii
(US/07), and Eritrea (ER/04) interspersed among theMexican isolates
suggests thatMexicanTSVwas the progenitor of these three outbreaks.
The singleMexican isolate (MX/95c) that did not fall within this group
had a nucleotide sequence thatwas identical to twoother strains found
in Hawaii (US/94) and Honduras (HO/03).
The second major TSV lineage was from Southeast Asia, possibly
originating from Honduras, due to the basal position of a Honduran
isolate (HO/98). The existence of Southeast Asian TSV lineage is
consistent with previous phylogenetic studies (Nielsen et al., 2005;
Tang and Lightner, 2005). The clustering of all Southeast Asian isolates
into a single group had moderate support (posterior probabil-
ity=0.78), but the inclusion of HO/98 resulted in notably higher
support (posterior probability=1.0). Within the Southeast Asian
lineage, TSV isolated in China, Taiwan, and Thailand were dispersed
among each other, suggesting multiple transmission events between
these countries. TSV strains from Indonesia may be the result of a
single introduction into that country, because all the Indonesian TSV
were descendants of a single recent common ancestor (posterior
probability=1.0); however, Indonesian TSV apparently had been
subsequently transmitted back to the rest of Southeast Asia because
Indonesian TSVwas paraphyletic; strains from China and Taiwanwere
found among the Indonesian strains.
The third major TSV lineage identiﬁed here was from Belize and
Nicaragua. Isolates from these countries clustered with high support
(posterior probability=1.0), in agreement with previous phyloge-
netic evidence of a Belize-speciﬁc TSV lineage (Tang and Lightner,
2005). But it is not clear which of these countries' shrimp were
infected ﬁrst, because the placement of isolates from Belize at a
basal position was not well supported. Nevertheless, it appears that
the outbreak in Belize, ﬁrst noted in 2001, is one prolonged
epidemic that has yet to be eradicated from local farms. Isolates
from Nicaragua were paraphyletic because their grouping also
included an isolate collected in Saudi Arabia. The Saudi Arabian
isolate (SA/07) was identical to a Nicaraguan strain (NI/06). Given
this fact and high support for the Saudi Arabian strain sharing a
most recent common ancestor with Nicaraguan strains (posterior
probability=1.0), it is highly probable that Saudi Arabia acquired
TSV from Nicaragua.Finally, a fourth phylogenetically distinct TSV, group comprised of
Venezuelan and Aruban isolates, was inferred (posterior probabil-
ity=1.0). Although this lineage had previously been described by
Côté et al. (2008), we found that this group also contained isolates
from Ecuador. The Venezuelan/Aruban TSV lineage was separated
from the other TSV isolates by a long internal branch, suggesting a
distinct epidemic.
Introductions into the USA
There were at least ﬁve separate introductions of the virus into the
USA, according to the TSV phylogeny (Fig. 1). This interpretation
assumes that TSV did not originate in the USA, which seems
reasonable given that it was not seen in the USA until 1994 and that
most isolates from the USA were not closely related to each other. Of
the six USA isolates sequenced, only two were closely related: Hawaii
in 1995 (US/95) and Texas in 1998 (US/98). Two separate introduc-
tions into the USA, Texas (US/96) and Hawaii (US/07), fell within the
main Mexican lineage. Another USA lineage, isolated in Texas (US/04)
fell within a TSV group from Southeast Asia. The TSV isolate from
Hawaii (US/94), whose sequence was identical to Mexican and
Honduran isolates, fell within an unresolved portion deep in the
phylogeny. It is likely that this lineage arose from TSV in the Americas,
although the precise geographical location is unknown. Overall, TSV
from the USA has generally been relegated to sporadic, epidemiolo-
gically unlinked appearances on the phylogeny.
A quick fuse on the TSV epidemic
By calibrating a molecular clock using TSV sequences sampled
between 1993 and 2008, we were able to estimate the time of most
recent common ancestor (tMRCA) for many TSV clades. According to
the BMCMC analysis, all of the current TSV lineages shared a most
recent common ancestor in 1991 (1988–1993), the same year as the
initial identiﬁcation of Taura syndrome in Ecuador. The tMRCA of the
TSV lineageswere also closely temporally linkedwith their discoveries
(Table 1). The tMRCA of the Mexican lineage was estimated to be 1994
(1993–1995), one year before the earliest isolate from this group.
Isolates from Southeast Asia had a tMRCA in 1998 (1997–1999), the
same year this virus was ﬁrst identiﬁed in this part of the world (Tu et
al., 1999). Indonesian TSV isolates had a tMRCA in 2000 (1999–2002),
shortly before TSV was discovered in this country in 2002.
Furthermore, the tMRCA of isolates from Belize and Nicaragua was
estimated to be in 2000 (1998–2001), one year before the ﬁrst
Belizean isolate was collected. And TSV was ﬁrst seen in Nicaragua in
2005, one year after the estimated tMRCA at 2004 (2003–2005). Also,
the Saudi Arabian isolate was phylogenetically nested among the
Nicaraguan strains. Although the Saudi Arabian isolatewas identical to
one of the Nicaraguan strains, we were still able to infer that it shared
a most recent common ancestor with these strains in 2006 (2005–
2006). In addition, a more recent cluster of Venezuelan isolates had a
tMRCA in 2004 (2003–2005), one year before the ﬁrst Venezuela case
was detected. We note that although the mean tMRCA estimates
presented here often predate the discovery of TSV by approximately
one year, the 95% HPD (highest probability density) of these estimates
always includes the year of discovery. Therefore, we cannot distin-
guish between the possibility that TSV is detected a year after initial
infection or immediately upon arrival. Regardless, TSV does not
appear to survive undetected for a prolonged period of time in any
geographic region, suggesting a quick fuse model.
Evolutionary rate of TSV
We estimated the TSV substitution rate within CP2 at 2.37×10−3
(1.98×10−3 to 2.82×10−3) substitutions/site/year. Across the
phylogeny, however, the molecular clock does not “tick” uniformly.
Fig. 1. Maximum clade credibility tree depicting evolutionary relationships among the TSV isolates. Lineages from China (CH), Indonesia (ID), Myanmar (MM), Taiwan (TW), and
Thailand (TH) are red. Lineages from Belize (BH), Nicaragua (NI), and Saudi Arabia (SA) are orange. Lineages from Mexico (MX) and Eritrea (ER) are green. Lineages from USA (US)
are blue. Lineages from Aruba (AW), Colombia (CO), Ecuador (EC), Honduras (HO), and Venezuela (VE) are purple. Nodes with posterior probability greater than 0.9 are indicated
with an asterisk.
326 J.O. Wertheim et al. / Virology 390 (2009) 324–329The BMCMC approach used here allowed us to estimate the clock-
likeness of TSV by modeling a lognormal distribution of evolutionary
rates along branches (Drummond et al., 2006). If, in the relaxed clock
BMCMC analysis, the 95% HPD of the standard deviation of thelognormal distribution of rates excludes zero, then a strict molecular
clock can be rejected in favor of a relaxed molecular clock. The
standard deviation of the lognormal distribution estimated here was
0.80 (0.60–1.02), indicating that our relaxed molecular clock model
Table 1
Year of Taura syndrome discovery and estimates of mean tMRCA dates and 95% HPDs for
TSV lineages.
Lineage Year of discovery tMRCA date (95% HPD)
All TSV (root of phylogeny) 1991 1991 (1988–1993)
Aruba 2004 (2003–2005)
Belize/Nicaragua/Saudi Arabia 2000 (1998–2001)
Belize 2001 2000 (1999–2001)
Ecuador 1991 1991 (1989–1993)
Indonesia 2002 2000 (1999–2002)
Mexico (excluding MX/95c) 1995 1994 (1993–1995)
Nicaragua/Saudi Arabia
(NI/06 and SA/07)
2006 (2005–2006)
Nicaragua 2005 2004 (2003–2005)
Southeast Asia 1998 1998 (1997–1999)
Southeast Asia/Honduras 1997 (1996–1998)
Venezuela/Aruba 2003 (2002–2005)
Venezuela 2005 2004 (2003–2005)
Table 2
Mean tMRCA and 95% HPD for the TSV root under various substitution, molecular clock,
and coalescent models.
Substitution/clock/coalescent models tMRCA (95% HPD)
SRD06/relaxed/BSP 1991 (1988–1993)
GTR+Γ4/relaxed/BSP 1991 (1988–1993)
Blosum62/relaxed/BSP 1992 (1990–1993)
SRD06/relaxed/constant 1980 (1956–1992)
SRD06/relaxed/expansion 1987 (1976–1992)
SRD06/relaxed/exponential 1989 (1986–1992)
SRD06/strict/BSP 1979 (1973–1984)
327J.O. Wertheim et al. / Virology 390 (2009) 324–329was appropriate. If the TSV phylogeny were inferred under a strict
molecular clock, an apparently ﬂawed assumption, the tMRCA of the
root would have been 1979 (1973–1984), substantially older than the
estimate of 1991 (1988–1993) inferred under a relaxed molecular
clock (Table 2).
TSV population demographics
As a part of the BMCMC analysis, we were also able to infer the
demographic history of TSV. We tested whether or not TSV has been
evolving at a constant population size for the past 18 years. The
BMCMC approach utilized here allows for an explicit test for constant
versus expanding population size. When the BMCMC analysis is
performed assuming an exponentially expanding population, a mean
and 95% HPD for the exponential growth rate is estimated. If the 95%
HPD of the exponential growth rate does not include zero, then a
constant population size can be rejected. In fact, this scenario was
observed for TSV under an exponential growth model. The exponen-
tial growth rate was estimated to be 0.18 (0.10–0.26), suggesting that
TSV has not evolved under a constant population size since 1991. The
root tMRCA mean and 95% HPD estimates inferred under these
different coalescent models varied, and the most restrictive models
produced the oldest tMRCAs (Table 2). Here, we report the mean and
95% HPD ages from the Bayesian skyline plot (BSP), because this
model places the fewest prior constraints on the data and allows the
population size to change over time in an unconstrained fashion
(Drummond et al., 2005).
Discussion
We were able to reconstruct the evolutionary history of the global
emergence of TSV using only CP2 sequences from 83 TSV isolates
collected over a 16-year period. The TSV phylogeny inferred here
suggests that the current epidemic affecting penaeid shrimp aqua-
culture has its origin in the Americas. The tMRCA of the current
isolates was 1991 (1988–1993), the same time Taura syndrome was
ﬁrst described in Ecuador (Jimenez, 1992). We also identiﬁed major
TSV lineages and estimated their tMRCAs. In every case, the relaxed
molecular clock analysis indicated that the tMRCA was at or right
before TSV was discovered in these regions. These results support the
hypothesis that TSV epidemics have a short fuse and spread rapidly;
this virus does not appear to lay low for many years in shrimp
aquaculture or wild invertebrate populations.
The TSV transmission routes deduced from the inferred phylogeny
are remarkably similar to many commonly held theories about the
spread of TSV around the world (the following discussion was
assembled from published work, when available, and the archives of
the Aquaculture Pathology Lab at the University of Arizona) (Fig. 1).The ﬁrst route corroborated by the phylogeny was from Sonora,
Mexico to Eritrea. The earliest known Mexican outbreaks occurred in
Sonora (Hasson et al., 1999), and producers in Sonora were known to
ship broodstock to other areas, including Eritrea. The Eritrean TSV
isolate (ER/04) is nested within the main Mexican TSV lineage.
Another isolate that the phylogeny suggests is of Mexican origin is
from Hawaii (US/07); this outbreak was thought to be the result of
contamination when a Hawaiian shrimp farm stored and sold
imported frozen Mexican shrimp at a road-side lunch stand for
tourists that was located adjacent to its hatchery and farm ponds. This
same pattern of storing and selling imported shrimp (in another case,
from Ecuador) was also suspected in the 1995 TSV outbreak in Hawaii.
One of the affected farms in Hawaii operated a road-side lunch stand
which was run by a company that also owned a TSV-infected farm in
Ecuador; the Hawaiian isolate (US/95) is closely related to TSV from
Ecuador (EC/94). In addition, the Saudi Arabian TSV outbreak was
thought to be the result of imported shrimp from Nicaragua, and
the TSV phylogeny depicts the Saudi isolate (SA/07) nested within
the Nicaraguan isolates (NI/05 and NI/06). Also, the Venezuelan
and Aruban isolates are closely related, and the infected shrimp
were from two farms owned by the same company in which
broodstock and post-larvae were frequently shipped between the
two facilities. Furthermore, the introduction of TSV into Southeast
Asia was thought to be the result of the transport of infected shrimp
from the Gulf of Fonseca in Honduras to Taiwan (Lien et al., 2002;
Yu and Song, 2000). The TSV phylogeny shows that all of Southeast
Asian TSV is closely related to two Honduran isolates (HO/94 and
HO/98), with the Taiwanese isolate (TW/99) as the basal Southeast
Asian lineage; however, the position of TW/99 is not well
supported. Finally, the position of US/04 from Texas nested within
the Southeast Asian group is not unexpected given that this
outbreak occurred in a Texan shrimp farm that was located on the
same bay as a processing plant that had imported P. vannamei from
China a few weeks before the outbreak.
In the USA, where disease monitoring has been more rigorous,
TSV outbreaks have been sporadic. Sequence data are available only
for six cases in Texas and Hawaii, although there have been
additional USA outbreaks. Only two of the outbreaks analyzed
here resulted from closely related TSV isolates: Hawaii (US/95) and
Texas (US/98) (Fig. 1). It is unlikely, however, that these isolates are
epidemiologically linked; they were sampled three years apart, and
US/95 is likely the result of imported Ecuadorian shrimp. The other
four USA TSV isolates included in our phylogenetic analysis are all
distantly related to each other and likely the result of independent
introductions from around the world. The phylogenetic distance
separating the majority of TSV isolates from the USA indicates
that the monitoring and containment protocols employed by USA
shrimp aquaculture are highly effective at detecting outbreaks and
preventing further spread.
The phylogenetic analysis also provided insight into the rate of
TSV evolution. The TSV substitution rate of 2.37×10−3 (1.98×10−3
to 2.82×10−3) substitutions/site/year is similar to rapidly evolving
RNA viruses such as swine vesicular disease virus (3.4×10−3
substitutions/site/year), human enterovirus 71 (3.4×10− 3
328 J.O. Wertheim et al. / Virology 390 (2009) 324–329substitutions/site/year), and human immunodeﬁciency virus type-1
(2.5×10−3 substitutions/site/year) (Jenkins et al., 2002). The high
rate of substitution accounts for the rapidly increasing diversity of
TSV associated with its spread across the globe. This increase in
diversity, in turn, may result in the need for perpetual development
of new TSV RT-PCR primers and for a continued search to ﬁnd new
populations of TSV-resistant P. vannamei.
Although the phylogeny inferred here proved useful at resolving
the evolutionary relationships among many of the TSV isolates, it was
unable to resolve the branching order at the base of the tree. This
polytomymight be due to the rapid diversiﬁcation experienced by TSV
during the early portion of the epidemic. Alternatively, it might be due
to the short length of the CP2 sequence used here. Full-length TSV
genome sequences may prove useful at resolving these basal
branching patterns, which would help provide phylogenetic evidence
for a country of origin for the TSV epidemic.
Materials and methods
Virus samples
Sixty-two samples of penaeid shrimp infected with TSV collected
between 1993 and 2008 from 16 countries were obtained from the
archives of diagnostic samples at the Aquaculture Pathology Lab at
University of Arizona (GenBank Accession numbers: FJ876460–
FJ876522). Another 21 CP2 sequences previously reported in the
GenBank were included in the analysis (GenBank Accession numbers:
AF277675, AF277378, AF406789, AY755587–AY755602, AY355311,
and DQ104696). Collection information, identiﬁcation codes and
accession numbers for all sequences are provided as Supplementary
material (Table S1). Nucleotide positions given here are in reference to
the previously published complete genome sequence of a Hawaiian
isolate: GenBank Accession number AF277675.
Puriﬁcation of total RNA, TSV CP2 RT-PCR, and sequencing
Total RNA was extracted, from either pleopods or gills of shrimp
samples, with a High Pure RNA tissue kit (Roche Biochemical,
Indianapolis, IN). RT-PCR was performed with a SuperScript one-step
RT-PCR system with Platinum Taq DNA polymerase (Invitrogen,
Carlsbad, CA). The CP2 region of the TSV genome (1303 nucleotides in
length) was ampliﬁed with primers 55P1 (nt 7901–7920, 5′-GGC GTA
GTGAGTAAT GTAGC-3′) and 55P2 (nt 9184–9203, 5′-CTT CAGTGACCA
CGG TATAG-3′). The RT-PCR proﬁle was 30min at 55 °C, followed by 40
cycles of 30 s at 94 °C, 30 s at 55 °C, and 90 s at 68 °C. An aliquot of
ampliﬁed product was visualized in a 1% agarose gel containing
ethidium bromide. DNA sequencing was performed by the Genomic
Analysis and TechnologyCore facility (University of Arizona, Tucson, AZ)
using Sanger sequencing (Applied Biosystems 3730 DNA Analyzer).
BMCMC analysis
Phylogenetic inference and tMRCA estimation was performed in a
BMCMC framework in BEAST v1.4.8 (Drummond et al., 2006;
Drummond and Rambaut, 2007). We compared two nucleotide
substitution models (GTR+Γ4 and SRD06) (Shapiro et al., 2006)
and four demographic scenarios (constant population size, exponen-
tial growth, expansion growth, and BSP) using Bayes factor in Tracer
v1.4 (http://beast.bio.ed.ac.uk/Tracer). SRD06 performed better than
GTR+Γ4 (Bayes factor N20), although there were no appreciable
differences in the tMRCA estimates under these two substitution
models (Table 2). We found no difference among the performance
under the four demographic scenarios using Bayes factor. When the
translated amino acid sequences were analyzed under a Blosum62
substitution model in BEAST, the tMRCA estimates were also not
appreciably different from the nucleotide-based analyses (Table 2).For each analysis, two BMCMC runs of 25 million generations were
performed using an uncorrelated lognormal relaxed molecular clock.
Tracer was used to check for convergence of parameter estimations
and proper mixing (estimated sampled size N200). The position of the
root of the tree was determined as a byproduct of the BMCMC. The
posterior trees from the SRD06/BSP analysis were annotated using the
Maximum Clade Credibility tree. BMCMC analysis was also performed
without sequence data to better understand how the prior probabil-
ities were affecting the posterior distribution of the tMRCA estimates.
This analysis determined that the priors were not biasing our tMRCA
estimates.
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